The well-known synthetic versatility of metal-organic frameworks (MOFs) is rooted in the ability to predict the metal-ion coordination geometry and the vast possibilities to use organic chemistry to modify the linker groups. However, the use of molecules occupying the pores as a component of framework design has been largely ignored. Recent reports show that the presence of these so-called "guests" can have dramatic effects, even when they are a seemingly innocuous species such as water or polar solvents. We term these guests "noninnocent" when their presence alters the MOF in such a way as to create a new material with properties different from the MOF without the guests. Advantages of using guest molecules to impart new properties to MOFs include the relative ease of introducing new functionalities, the ability to modify the material properties at will by removing the guest or inserting different ones, and avoidance of the diffi culties associated with synthesizing new frameworks, which can be challenging even when the basic topology remains constant. In this article, we describe the "Guest@MOF" concept and provide examples illustrating its potential as a new MOF design element.
Introduction
The synthetic design versatility of metal-organic frameworks (MOFs) derives from well-understood principles of inorganic coordination compounds and small-molecule organic chemistry. Geometric considerations associated with desired coordination environments of the metal ions and the topology and reactivity of the organic-linker groups lead to rational design principles that allow the pore dimensions and chemical environment of these materials to be systematically tuned. This synthetic versatility opens a remarkably broad application space for these materials, including hydrogen storage, 1 separations, 2 chemical sensing, 3 and catalysis. 4 In these well-established uses of porous materials, promoting the uptake of molecules in some selective or high-capacity manner is the objective. Given that manipulation of the metal ion and linker has led to literally thousands of structures, it is perhaps not surprising that species within the pores, which we term "guest molecules," are almost always considered targets of an application, rather than constituents of the structure.
Nevertheless, the use of non-innocent guest molecules that alter the MOF properties to create a completely new material as a design element in MOFs has several important, but largely unexploited, advantages. 5 First, the MOF structure itself is, to fi rst order, determined by strong coordination bonds between the linker and metal ions. This strong bonding can be extended in some cases to a guest molecule, if unsaturated coordination sites at the metal nodes are present in the pores. Second, the fact that MOFs are crystalline creates a highly ordered environment for the guest molecule that can be characterized with great accuracy. Such detailed knowledge of interatomic distances cannot be achieved in amorphous, disordered systems such as polymers, making rational design of new materials and determination of design rules more diffi cult. Finally, guest molecules are removable, in principle, enabling the induced properties to be reversed.
As we will discuss, the expansion of MOF design to include guest molecules, which we term "Guest@MOF," can lead to unexpected emergent properties. These properties result from the ability of the guest molecule to interact with the framework in a highly specifi c fashion, creating, for example, new pathways for energy and charge transfer. Here, we present a brief overview of the concept using examples from our work and the literature in which Guest@MOF results in novel electronic or optical properties. These include electrical conductivity, 6 enhanced energy transfer, 7 guest-tunable spin crossover, 8 reversible ferromagnetic-antiferromagnetic behavior, 9 resistance switching, 10 and thermoelectric behavior.
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Electronic conductivity
As discussed elsewhere in this issue (see the Leong et al. article), MOFs with intrinsic electronic conductivity (i.e., in which charges move through the framework itself) are scarce. Strategies for synthesizing these build on the extensive knowledge base of conducting organic materials and nonporous coordination polymers. 12 , 13 Valuable lessons also come from decades of research on electron-transfer processes in solution and in mixed-valence complexes, 14 -16 which show that electron transfer between metal centers in coordination complexes is governed by the extent of wave function mixing between the centers. The well-known Robin-Day classifi cation of mixed-valence systems uses this concept to categorize the extent of electronic interaction between charge donor and acceptor sites, with Classes I, II, and III ranging, respectively, from isolated charges to fully delocalized charge. 16 In most MOFs, there is little charge transfer between metal nodes in the structure (corresponding to Robin-Day Class I) because most are in redox-inactive states and are coordinated to ligands that are poor electron donors (e.g., carboxylates) and do not facilitate groundstate ligand-to-metal charge transfer. This is the case for HKUST-1 (from the Hong Kong University of Science and Technology), a MOF constructed of Cu(II) dimers bridged by four carboxylate groups. Electrical measurements show that the material is an insulator. 17 One can envision that a properly chosen guest molecule could overcome this lack of communication by creating a bridge between metal centers, creating a donor-bridge-acceptor geometry. In mixed-valence complexes, Robin-Day Class II or borderline Class III materials often involve a bridging ligand. 14 The charges are still localized, but can be induced to move if thermally activated. New bridge-to-metal charge-transfer optical transitions are also observed. We recently reported that infi ltrating HKUST-1 with the electron-accepting molecule 7,7,8,8-tetracyanoquinodimethane (TCNQ) leads to an increase in electrical conductivity of more than seven orders of magnitude. 6 A model for hopping transport enabled by superexchange mixing was proposed, in which TCNQ bridges copper dimers in the MOF ( Figure 1 a ) . 6 , 11 This model is supported by experimental observations, including the temperature dependence of the conductivity, shifts in TCNQ vibrational bands, and new chargetransfer bands in the visible-near-infrared; the presence of new charge-transfer bands in particular is a known signature of ground-state mixing with excited states by superexchange mechanisms.
14 Subsequent band-structure calculations predicted that empty TCNQ molecular orbitals are aligned such that the Fermi level moves close to the valence band of the MOF, creating a population of thermally accessible holes. This prediction is consistent with the measured Seebeck coeffi cient (relating the thermoelectric voltage induced by a temperature difference across a material), which identifi es the carriers as holes.
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The dramatic change in electrical properties induced by TCNQ is perhaps the clearest example of how a guest molecule can create an emergent property in a MOF. It remains to be seen whether this specifi c Guest@MOF example can be implemented in other MOFs to create conducting materials. More generally, however, these results suggest a design concept-creating donor-bridge-acceptor units within a MOFwhich could be used by deliberately designing MOFs with binding sites that can accommodate bridging guest molecules. This is a diffi cult synthetic challenge, but one that could pay signifi cant dividends if it can be achieved. However, a recent computational study provides guidance, showing that a number of copper paddlewheel MOFs have the right geometry for TCNQ to bridge two copper dimers, as is thought to occur in HKUST-1.
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Multiferroic behavior
Multiferroics are materials that show the coexistence of at least two orders among magnetic, electric, and elastic properties. The materials that show both magnetic and electric ordering have a wide range of applications, especially in spintronics, data storage, and sensors, due to the possibility of four-state memory. 19 Coupling between magnetic and electric ordering could allow control over the magnetization through the application of an electric fi eld and vice versa (magnetoelectric [ME] effect). 20 These applications have been widely explored in inorganic perovskites (ABX 3 where A is an n -valent and B is an ( n + 2)-valent cation, and X is an anionic atom) such as BiFeO 3 , where the d -electrons of Fe(III) are the origin of magnetic behavior and the coupling between the 2 p orbital of an oxygen atom with empty bismuth 6 p orbitals caused ferroelectric behavior and exhibited antiferromagnetic performance at room temperature. 21 However, the parameter space for tailoring such inorganic oxide materials is limited due to constricted atomic variations that are possible from the periodic table.
In recent years, coordination polymers/ MOFs have been investigated as promising alternatives with organic-inorganic duality of the perovskite ABX 3 structure ( Figure 1b + ; M = Fe, Mn, Co, Ni, and Me = methyl group), which were recently reported. 22 The orientation of the cationic DMA guest molecules hosted in the pores of the anionic MOF is the main reason for electric ordering in these materials, where the dynamically disordered dipolar moments of the guest molecules at room temperature become cooperatively ordered at lower temperatures and assist in the generation of electric polarization in the material. The unpaired electrons of transition-metal atoms are the origin of magnetic behavior through unpaired d -electrons ( Figure 1b ) . Although the mechanisms of these magnetic and electric orderings are considered to be independent, recent studies show signifi cant cross-coupling (ME effect). 23 This could be explained by the electric-fi eld manipulation of the orientation of H-bonding between the cationic guest molecules with the framework. 24 -27 However, due to the low transition temperatures for electrical ordering (160-185 K) and magnetic behavior (8-36 K), 21 the ME coupling effects are limited to low transition temperatures (up to 19 K). 25 -27 This low transition temperature could be due to the weak magnetic interaction between the metal ions, so there is a great need for research focused on the transition temperature of the materials and use of elements with a higher magnetic moment, such as lanthanides. Recent developments in organic multiferroic materials, 28 , 29 which could act as the guest molecules, would also boost the fi eld.
Exciton harvesting
In organic materials, excitons can be formed by light absorption, charge injection, or ionization ( Figure 2 ), enabling their use as active components of photovoltaic cells, in light-emitting diodes (LEDs), and for radiation detection. These applications are well established, with large classes of both molecular and polymeric materials designed for these purposes. However, in most cases, layers of these materials are disordered when incorporated into the device, leading to problems such as aggregation, fast luminescence quenching, short triplet-state lifetimes, and device instability. 30 , 31 The Guest@MOF concept offers several potential advantages as a novel class of materials for addressing these problems.
MOFs as hosts for LED emitter molecules
Molecules with long-lived phosphorescence (emission from triplet-excited states) are desirable for LEDs. However, the phosphorescence can be partially or completely quenched by nonradiative pathways. For example, coronene emits blue fl uorescence in solution at room temperature, but emits only yellow phosphorescence at low temperatures, where vibrational motion is minimized. 32 Dissolving the molecule in an organic polymer enables phosphorescence to be observed at room temperature. However, emitter loading is limited by aggregation, and polymers of interest for this purpose, such as poly(methyl methacrylate) (PMMA), are heat and air sensitive. In contrast, it was recently demonstrated that room-temperature phosphorescence can be observed by encapsulating coronene in the zeolitic imidazolate framework (ZIF) MOF known as ZIF-8 (coronene@ZIF-8, Figure 2c ). This MOF also allows much higher loadings without aggregation and enables phosphorescence at temperatures as high as 460 K. Remarkably, coronene@ZIF-8 is also stable in air for periods of at least one month, even though its pore openings are large enough to emit oxygen molecules.
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Triplet harvesting for LEDs
The Guest@MOF concept can be extended by encapsulating light-emitting molecules within the pores of one of the many luminescent MOFs. 33 , 34 The luminescence of the resulting composite can be tuned by varying the identity and concentration of the guest as well as the linker, allowing either white light or tunable color to be produced. 35 , 36 Increases in both quantum yield and temperature stability have been observed as well. The process is illustrated in Figure 2b and d . Charge injection into luminescent linker molecules creates singlet and triplet excitons. Singlet excitons with lifetimes on the order of 1-10 ns emit light in the blue or near UV. To achieve overall higher quantum effi ciency and enable the color of the emitted light to be tuned, organometallic complexes of heavy elements such as Ru, Os, and Ir are infi ltrated into the MOF pores ( Figure 2d ). These molecules scavenge the linker-based triplet excitons via the heavy-atom effect, leading to visible emission from the guest on time scales of ms to s. 37 For many of the same reasons discussed in the previous section, MOFs represent an attractive host of triplet-harvesting molecules, providing a thermally stable matrix that inhibits aggregation.
Radiation detection
We discovered several years ago that luminescent MOFs can also be radioluminescent; that is, interaction with ionizing radiation (particles with energies > 10 eV) leads to fast pulses of light known as scintillation. 38 , 39 This light is emitted from the decay of singlet excitons formed when ions recombine with electrons and holes. Typically, fast light emission is desirable for radiation-detection applications to avoid interference with particle detection. However, as only 25% of the excitons are singlets, 75% of the available excitation is lost (analogous behavior is found in LEDs). A logical solution to this problem is to infi ltrate the MOF pores with triplet-harvesting molecules, analogous to LEDs. However, we also found that infi ltrating a radioluminescent MOF, such as IRMOF-8 (isoreticular MOF), with small amounts of a triplet-harvesting complex creates emission of both fast light pulses from the decay of singlet excitons, produced by the MOF linker, and slower ones produced by the decay of triplet excitons via the guest molecule. The intensity ratio of the emission at these two different wavelengths depends on the identity of the particle. Light particles, such as electrons, yield a higher ratio of singlet-to-triplet light, whereas heavier particles such as protons more effectively quench the singlet emission. This phenomenon represents a new radiation-detection mechanism that has advantages of simplicity and speed over conventional particle discrimination mechanisms that rely on analysis of the time signatures of the emitted radioluminescence. In addition to MOFs, 5 this approach can also be implemented in polymers. 40 
Conclusions, challenges, and new directions
The Guest@MOF concept provides unique opportunities to achieve properties that are uncharacteristic of either the MOF or the guest, and which encompass applications including energy harvesting, sensing, microelectronics, and light emission. However, much remains to be understood for this concept to be realized in practical devices. Immediate challenges that we foresee are the extent to which guest molecules can be confi ned within MOF pores without loss during subsequent processing steps. The role of other "bystander" guests, such as solvent molecules, is not understood, although we have evidence that these can affect the conductivity of TCNQ@HKUST-1. 5 Additionally, the range of guest-framework interaction energies is considerably wider than that typically seen in the storage of light gases by MOFs, in which weak dispersion forces dominate. As a result, conventional force-fi eld approaches to modeling Guest@MOF materials are unlikely to be useful. This presents a considerable challenge for theorists, as accurate electronic structure modeling of the large unit cells in MOFs (HKUST-1 has >600 atoms in its unit cell, for example) is computationally costly. Synthesis can be a challenge as well; for example, designing or modifying a MOF family to allow for effi cient synergy with an interesting class of guests is often not straightforward. Nevertheless, it is clear that Guest@MOF opens new avenues to MOF design and extension to unexpected applications, presenting many opportunities to design functional materials based on this remarkable class of materials.
